In order to achieve high-resolution deep-tissue imaging, multiphoton fluorescence microscopy and photoacoustic tomography had been proposed in the past two decades. However, combining the advantages of these two imaging systems to achieve optical-spatial resolution with an ultrasonic-penetration depth is still a field with challenges. In this paper, we investigate the detection of the two-photon photoacoustic ultrasound, and first demonstrate background-free two-photon photoacoustic imaging in a phantom sample. To generate the background-free two-photon photoacoustic signals, we used a high-repetition rate femtosecond laser to induce narrowband excitation. Combining a loss modulation technique, we successfully created a beating on the light intensity, which not only provides pure sinusoidal modulation, but also ensures the spectrum sensitivity and frequency selectivity. By using the lock-in detection, the power dependency experiment validates our methodology to frequencyselect the source of the nonlinearity. This ensures our capability of measuring the background-free two-photon photoacoustic waves by detecting the 2nd order beating signal directly. Furthermore, by mixing the nanoparticles and fluorescence dyes as contrast agents, the two-photon photoacoustic signal was found to be enhanced and detected. In the end, we demonstrate subsurface two-photon photoacoustic bio-imaging based on the optical scanning mechanism inside phantom samples.
Introduction
Traditional optical microscopy can easily achieve imaging with a spatial resolution up to the diffraction limit of light, but with a limited penetration depth. On the other hand, the medical ultrasonography has a high penetration depth over several centimeters, but the resolution is limited by the wavelength of sound. Therefore, how to combine light and sound together to achieve high-resolution and deep-tissue imaging becomes a challenging research topic during the past decade, especially for non-invasive diagnosis of various lesions, for the application of virtual biopsy, and for the application of functional tomography.
One of the innovations in the optical three-dimensionally (3D) imaging is the multiphoton fluorescence microscopy (MPFM), which uses a femtosecond near-infrared light source to achieve sub-micron resolution with a penetration depth deeper than that of the traditional confocal microscopy based on visible light. However, because the induced fluorescence suffers high attenuation caused by the tissue scattering and absorption, the record penetration depth is around 1 millimeter [1, 2] . On the other hand, photo-acoustic tomography, which combines light and sound, enables penetration depth as deep as centimeters [3] with resolution limited by sound wavelengths. Because high frequency ultrasound has a high attenuation constant in tissues, the penetration depth would be reduced to the sub-millimeter region if the adopted acoustic wavelength was reduced to the micrometer scale [4, 5] . Therefore, there is always a compromise between the spatial resolution, the contrast, and the penetration depth.
In order to achieve deep tissue imaging with a high optical resolution and an improved penetration depth compared with the current MPFM, multi-photon photoacoustic imaging is highly desired [6] [7] [8] [9] [10] [11] . Similar to MPFM [12, 13] , the photo-excited acoustic signals should be generated nonlinearly by high-intensity optical fields within the focal volume, so the spatial (E.g. lateral and axial) resolution can be controlled by the optical point spread function, while the image would be acquired by scanning and mapping the laser beam within the tissues. Different from MPFM, to avoid the high attention of the weak fluorescence signals generated deep inside the tissue, it is feasible to detect the two-photon-absorption-induced longwavelength sound waves, of which the penetration depth is up to the centimeter scale.
Unfortunately, although different two-photon photoacoustic detection methods have been proposed, how to efficiently separate the multi-photon-absorption-induced acoustic signals from the single-photon-absorption-induced signals is still a critical issue [6, 10, 11, 14, 15] , with the fact that the nonlinear signal is several orders of magnitude weaker than its linear counterpart. Furthermore, because the linear signal is generated within the whole light path where the excitation light passing through, it is thus impossible to distinguish whether the signal is generated only inside the focal volume, especially in an unknown material under test with a broadband response. This issue casts a shadow on the applicability of the previous works. To make the multi-photon photoacoustic microscopy feasible, the technique to be developed must achieve the nonlinear signal specificity inside the bio-tissues.
In this paper, we first present the measurement of the two-photon photoacoustic signals by the conventional amplitude-modulation-detection technique, and indicate the fundamental limitations of the technique. Then, we focus our attention on a loss modulation technique, and validate its detection capability to improve the frequency spectrum sensitivity and selectivity by several orders of magnitude, with examples of second harmonic generation and twophoton absorption measurements. After that, we discuss the enhancement of the two-photon photoacoustic signal by mixing the fluorescence dye with nanoparticles (dilute black carbon solution), and demonstrate the background-free nonlinear photoacoustic signal detection. Finally, we integrate the whole system with a raster scanner, and first demonstrate the femtosecond-laser-based two-photon photoacoustic imaging, with the abilities to remove the single-photon background, by optical scanning inside phantom tissues.
The existence of the two-photon photoacoustic signal
We started with a simple motivation to measure the absorption cross section of fluorescence dye and nano-particles in the aqueous solution. According to the thermal acoustic effect [16] , materials can absorb light and convert the energy into mechanical vibrations. If light is periodically on and off, the material will be heated up by light excitation and be cooled down through the relaxation process. The periodic thermal expansion generates acoustic waves inside the material, and the efficiency is dominated by the absorption coefficient of light, the heat capacity, square of the speed of sound, and the thermal expansion coefficient of the materials.
We used a Ti: Sapphire femtosecond laser (Spectra Physics Tsunami, λ = 800nm, repetition rate = 80MHz) with a pulse width around 100fs (measured with an autocorrelator: AC-100 ps, UVisIR) and pulse energy of 2.06nJ to provide the pulse train excitation with high peak intensity and low pulse energy. An acoustic optical modulator (AOM; 23080-3-.85-LTD, Neos Technologies) operating in the normal mode was used as a chopper. A function generator was used to control the modulation depth and profile of the AOM, so the light output was intensity modulated. We also minimized the high harmonics by using a pure sinusoidal input generated by a function generator (33210A, Agilent). Then, an objective (SLMPlan 50X/0.45 15 mm WD, Olympus) with its back aperture filled focused the femtosecond laser pulse onto the sample, while Rayleigh criteria gives us an estimated focal beam waist of 0.92μm. After the sample cavity was a water cavity, and we used an immersion type ultrasonic transducer (V303, Olympus) to detect the ultrasound and transform it into electrical signals. With a lock-in detector (SR844, Stanford Research) we demodulated the electrical signals with the same frequency of the function generator, as depicted in Fig. 1 . By measuring the ultrasonic signal intensity versus optical excitation power, as shown in Fig. 2(a) , we could determine the source of the ultrasonic signal. The 20x diluted gold nanoparticles and the 20x diluted silver nanoparticles (PL-Au-S20-05mg and PL-Ag-S10-1mg, PlasmaChem) had strong single-photon absorption, whose power dependency was linear (~-20dB/OD). On the other hand, the 20x diluted fluorescence dyes (WKP1-Y and WKP1-P, which were extracted from highlighters (Zebra, Liberty Stationery Corp.) bought from a stationary store) exhibited strong two-photon absorption when the excitation power is high (with low OD), with a nonlinear power dependency of ~-40dB/OD. When the excitation power is low (with high OD), nonlinear absorption becomes weaker than the linear absorption and linear power dependency (~-20dB/OD) dominates again. Furthermore, we also conducted the experiment on pure diamond nano-particles (Institute of Atomic and Molecular Sciences, Academia Sinica, Taiwan), which showed almost no absorption.
This simple experiment indicates that the absorption mechanism strongly depends on the band structure and the resonance level of the material. The noble-metal nano-particles can absorb light easily, even though the optical wavelength might be far away from the plasmon resonance. On the other hand, the fluorescence dye has no electron-transition level near the excitation wavelength, so the transition can only occur through the two-photon absorption (2PA), which also induced strong two-photon fluorescence (2PF) during the experiment. If the bandgap is too large, no linear nor nonlinear absorption occurred. This experiment not only confirms the existence of the two-photon photoacoustic signal, but also indicates that the multi-photon photoacoustic phenomenon is not unusual in dyes.
We also analyzed the low-frequency optical spectrum of the incident beam. From Fig.  2 (b), although our function generator sent a pure sinusoidal signal (f = 500.0kHz, harmonic to fundamental ratio (HFR) <-80dB) into the AOM, the imperfect temporal response of AOMs to external sinusoidal amplitude modulation induced linear (20dB/OD) high harmonics in the modulated optical spectrum (HFR~-30dB). This induced a linear background in the high harmonic components. Under this circumstance, we could not distinguish linear and nonlinear absorption by detecting the high harmonics of the chopping frequency, because all high harmonics carried the same information as the fundamental frequency.
The main issue for the multi-photon photoacoustic detection is the relatively low nonlinear absorption cross section. Without a special detection design, the single-photon absorption signal can easily dominate over the multi-photon absorption signal, like the high OD case, so the source of the absorption is indistinguishable unless the power dependency experiment is performed. This becomes a fundamental constraint for designing the multiphoton photoacoustic microscope, since we cannot distinguish the nonlinear signal source in the bio-tissue when large linear background exists. The inevitable linear-photoacoustic background degrades the signal contrast and applicability of the previous nonlinear photoacoustic works [6, 7, 11] .
Another important issue is that when laser light intensity is high, the local temperature change inside the sample would be a concern. In the case where the pulse width is within the thermal confinement time of an absorber, the pressure of an induced photoacoustic wave could be derived as a function dependent on the Gruneisen parameter (dimensionless), which is determined by the temperature of the absorber [17] . Since the instantaneous temperature increment from the femtosecond laser pulse heating has negligible effect on the Gruneisen parameter, the parameter only depends on the base temperature of the absorber [18] . Therefore, the base temperature fluctuation (e.g., from heat accumulation due to continuous laser illumination) would possibly contribute nonlinearity to the measured photoacoustic signals [19] . However, in the power dependency experiment of photoacoustic signals, the sample cavity was bathed within a large amount of water, so it was hard for local heat accumulation to happen. As a result as being supported by experimental results and numerical calculations, there was no evidence to support the possible source of nonlinearity originated from the base temperature variation in our study (will be discussed in chapter 4 and 5). We therefore eliminate this effect due to negligible changes in the Gruneisen parameter. 
Loss modulation technique
To avoid the fundamental flaws of the AO modulation system, we focus our attention on a loss modulation technique [14] . This technique is a modification to a Michelson interferometer by installing two AOMs operating in the continuous mode in two arms of the interferometer. These two AOMs are with a difference in their modulation frequencies. The original laser beam is split into two sub-beams by the first beam splitter. Then, the two subbeams will pass through different AOMs. When the two sub-beams are both spatially and temporally recombined via the second beam splitter, the frequency difference in modulation causes a beating. This results in a high-purity-sinusoidal waveform on the output beam envelope. If we assume the modulation frequencies of AOMs are f 1 and f 2 respectively, and the repetition rate of the femtosecond laser is f R , then the first order beating frequency depends on the diffraction orders of the AOMs, n 1 and n 2 , along with the multiple, n, of the repetition rate.
When the combined collinear incident light (λ R = 800nm) passes through a barium borate (BBO) crystal for second harmonic generation (λ B = 400nm), or when the photo-detector (DET-200, Thorlabs) has two-photon absorption, such nonlinearities generate the second order beating, and cause the beating frequency exactly doubled. The schematic diagram of the loss modulation technique as well as a test for the second harmonic generation is shown in Fig. 3 , and the beating effect in frequency is illustrated in Fig. 4 . In this article, we used two AOMs with modulation frequency of 80.5MHz (f 1 ) and 81MHz (f 2 ) for our loss modulation technique, and both AOMs are in the first diffraction order. A spectrum analyzer (E4402B, Agilent) was used to detect the radio-frequency (RF) spectra of the photo-detector without electronic bias or amplification. As the experiment spectra shown (see Figs. 5(a)-5(c) ), the 1st order beating generated one pair of sidebands besides the repetition rate peak, and the 2nd order beating generated two pairs of sidebands. In addition, the frequency separation between each peak was exactly equal to Ω(f 1 , f 2 , f R ). We could see that the loss modulation technique imposed a pure sinusoidal modulation on the incident light, which had no high harmonic component (SNR>50dB), as shown in Fig. 5(d) and being discussed below. Fig. 3 . Schematic diagram showing the basic experiment setup to test the loss modulation technique. For the infrared light experiment, the BBO crystal was removed. For the blue light experiment, we used color filters to remove the infrared light. The first order beating spectrum (c) The second order beating spectrum (d) The low frequency spectrum of the collinear NIR light (λR = 800nm) (e) The blue light generated by BBO (λB = 400nm). Note that the frequency separation is related to the diffraction order of the beam, the modulation frequency of AOMs, and the laser repetition rate. Moreover, the 2nd order beating peak originates from the nonlinearity of the sample or of the detector.
In Fig. 5(d) and 5(e), we examined the RF spectra of the photodetector illuminated by the combined collinear incident light (λ R = 800nm) and second harmonic generated light (λ B = 400nm), respectively. For the 800nm light, we observed the expected beating peak of 500kHz (1st order beating) and an unexpected tiny signal located at the position of the 2nd order beating. This unexpected beating could be due to imperfect sinusoidal modulation or due to the two-photon absorption of the photodetector to the incident light. For 400 nm light, we successfully observed the both the 1st and the 2nd order beatings, with a strong 2nd order beating generated due to the second harmonic generation (SHG) nonlinearity. With no other high harmonics, the result of 400 nm light was consistent with the theoretical derivation.
To further investigate the origins of various signals, we conducted the power dependency measurement on the 1st and the 2nd order beating. Figure 6 shows the experimental results. For 800nm light as shown in Fig. 6(a) , the 1st order beating possesses an expected linear dependency (~-20dB/OD) with the incident power, while the 2nd order beating possesses square dependency (~-40dB/OD) with the incident power, supporting the SHG nature of the observed 2nd order beating. For 400nm light as shown in Fig. 6(b) , both 1st and 2nd order beatings possess an expected square dependency (~-40dB/OD) with the incident 800nm power and an expected linear dependency (~-20dB/OD) with the doubled 400nm power. Combining Fig. 5 with Fig. 6 , we could confirm that 1) the adopted loss modulation technique does impose a pure sinusoidal modulation on the incident light, which has no high harmonic component (SNR>50dB), and 2) SHG appears as 2nd beating and is with a quadratic dependency on incident light power. Since the loss modulation technique provides pure sinusoidal modulation, and high RF harmonics can only be generated by the nonlinear phenomena, it becomes an excellent tool to study the nonlinear response of a material. In addition, because the femtosecond laser provides high repetition rate excitation, the transient response of the material is no longer dominant. That is, the high repetition rate laser (~80MHz) induces the narrowband excitation of the material, and suppresses the wide band transient spectrum, as compared to the traditional low repetition rate (<kHz) nanosecond laser. This concept could be clearly illustrated in Fig. 7 . Furthermore, the beating frequency only depends on the modulation frequency of AOMs and the repetition rate of the femtosecond laser, so we can adjust the beating frequency by changing the diffraction order or the modulation frequency of AOMs. In sum, we verify the spectrum sensitivity and selectivity of the loss modulation technique. The high repetition rate laser excites the system by forced resonance, so only the frequencies equal to the multiple of the repetition rate can be excited. The response spectrum becomes discrete, which is equivalent to the narrow band response if we detect the response at a specific frequency.
Finally, it is worthwhile to discuss the limitation of the loss modulation technique. Since the frequency spacing within the laser frequency comb is equal to the repetition rate (80MHz in this case), according to the Nyquist-Shannon sampling theorem, the maximum modulation frequency cannot exceed f R /2. This restricts our maximum 1st order beating frequency to be f R /4, which is one half of the 2nd order beating frequency. For a conventional commercial femtosecond laser, the maximum 1st order beating frequency is around 20MHz.
The enhancement and the selective detection of the two-photon photoacoustic ultrasound
From the above discussion, we can see clearly the advantage of detecting the photo-acoustic signal using the loss modulation technique. Theoretically speaking, because water has a small thermal expansion coefficient and a large specific heat, the thermal confinement condition and stress confinement condition [16] make it hard to detect the multi-photon photoacoustic signal, especially for the high-repetition-rate femtosecond laser, whose pulse energy is only 1nJ~20nJ/pulse. Moreover, since the linear absorption and the nonlinear absorption coexist in a system, and the linear signal is several orders of magnitude higher than the nonlinear one, both signals will interfere with each other and cannot be separated by traditional time domain detection. How to enhance the weak nonlinear signal and distinguish it from the linear signal background becomes a critical issue for the applicability of the multi-photon photoacoustic microscopy.
In order to enhance the multi-photon photoacoustic signal, mixing the fluorescence dye with other nano-particles has been proposed [20] . In our experiment, we mixed the fluorescence dye, which exhibits strong two-photon fluorescence (WKP1-Y), with dilute carbon solution (Wu-Zhu Calligraphy Paints). The mechanism is concisely shown in Fig. 8 . Because the carbon particles capture the fluorescence dye and carbon particles have a wide energy-band structure, the particles become an intermediary agent to transfer the two-photon fluorescence into two-photon photoacoustic ultrasound. When the incident light induces the two-photon absorption of the fluorescence dye, some of the energy transferred into fluorescence, while the rest of energy, with the help of energy levels of carbon particles, transferred into phonon vibration. By this way, we can generate the two-photon photoacoustic ultrasound more efficiently.
Besides, in the previous section, we verify the validity of the loss modulation technique, so we can apply the technique to the ultrasound system. That is, if we can detect the 2nd order beating by using an acoustic transducer and the measured power dependency curve is quadratic, then we can conclude that such a signal is generated through the nonlinear absorption. In general, once we detect the 2nd order acoustic beating, we can attribute it to the background-free 2PA photoacoustic signal. Figure 9(a) shows our overall experimental setup. We used the immersion-type ultrasonic probe (V303, Olympus) with spherical focus (f = 15mm) to increase the acoustic numerical aperture (NA). Besides, we used an ultra-low noise preamplifier (Ultrasonic Preamp 5660B, Olympus) with flat gain of 40dB from 20kHz to 2MHz, so we prevented the nonlinearity of the electronic system. The femtosecond NIR light was focused at the bottom of the designed cavity (see Fig. 9(b) ) by a long working distance objective (SLMPlan 50X/0.45 15 mm WD, Olympus). We also used concentrated fluorescence dyes with 4000x diluted carbon solution mixture, so that the excitation light could not penetrate through the cavity, and we therefore avoided the direct light incidence on the probe. The frequency analyzer recorded thus measured RF spectra, and the lock-in amplifier recorded the measured signal for powerdependency studies. Fig. 9. (a) The experiment setup. (b) The design of the optical cavity. Since the concentration of the solution is very high, the light cannot penetrate. Therefore, we prevent the direct incidence of the laser beam on the ultrasonic probe.
We first tested the solution of mere 4000x diluted carbon solution under the same condition. Shown as the red curve plotted in Fig. 10(a) , we did not observe 2nd order beating signal around 1MHz, indicating 1) insignificant 2PA in diluted carbon solution, 2) the pure sinusoidal modulation on the incident light with no high harmonic component (SNR>50dB), and 3) negligible changes in the Gruneisen parameter generating the nonlinear signal. In contrast, when testing the mixture with fluorescence dyes, shown as the black curve in Fig.  10(a) , we found that the single-photon and two-photon photoacoustic signals coexisted in the cavity. We thus conclude that the measured 2nd order beating signal at 1MHz contributed from the 2PA signal, while the single-photon photoacoustic signal was 60dB (1000 times) larger than the two-photon photoacoustic signal. Further supported by the measured power dependency (see Fig. 10(b) ), we confirm that the 1st order beating signal is linearly proportional to the incident light power, an indication of linear absorption, while the 2nd order beating depends quadratically on the incident power, an indication of two-photon absorption. Therefore, we successfully demonstrated that by detecting the 2nd order beating we can successfully separate the two-photon photoacoustic signal from the single-photon photoacoustic one. 
Application-nonlinear photoacoustic microscopy
In order to demonstrate the applicability of the loss modulation technique in nonlinear photoacoustic microscopy, we set our sample cavity on a motorized 3D translational stage for raster scanning. Although raster scanning limited our scanning time to be more than 100 seconds per image, our main point is to demonstrate the feasibility of the background-free nonlinear photoacoustic microscopy with the loss modulation technique. Currently, the sampling rate of the pixels was 64Hz, limited by the raster scanning system, and the integration time of the lock-in detector was 10ms. For a 100 pixels by 100 pixels image, it took 3 minutes for one 2D scanning. For future application with the 1MHz acoustic frequency, the sampling rate of the lock-in detector can achieve 100kHz with a 0.4 frames/second imaging speed for 512 pixels by 512 pixels images after combined with a galvo scanner. For even higher frame rate, high-speed digital signal processing or higher beating frequency has to be adopted.
We used agar jelly (2.5~4wt%) as our phantom tissue.
Since we want to demonstrate laser-scanning imaging, we produced some small donut shape patterns (3mm thick) filled with contrast agents (a mixture of 5x diluted WKP1-Y solution and 4000x diluted carbon solution), by the capillary tube (with 1.5mm inner diameter and 1.8mm outer diameter) at the bottom of the sample cavity. The pattern dimension is similar to the ultrasonic wavelength (λ US = 1.5mm at 1MHz). On the other hand, to verify that the technique can achieve ultrasonic collection depth, we put another thick agar jelly (7mm) on the top of the original pattern. Figures 11(a) and 11(b) show the photos of our homemade sample. The strong scattering of the agar layer prevented the ultrasonic probe from the light incidence. Therefore, the light signal wouldn't interfere with the ultrasonic signal. During the experiment, we filled the cavity with deionized water and immersed the ultrasonic probe in the water without direct contact with the agar layer. Because the agar jelly had similar thermal conductivity and heat capacity to that of water [21, 22] , by simple calculation, it would take more than 10 minutes for the overall sample temperature to rise by 1 degree even if all the laser light energy was absorbed and became heat. Combining our previous experimental result with this calculation, we believe that the base temperature of the sample did not change much when imaging, thereby eliminating the effect from the varied Gruneisen parameter on the 2nd order beating signals. To our surprise, the experiment result was beyond our expectation. Our system could both record the 1st order beating, which generates the single-photon photoacoustic image (see Fig.  11(c) ), and the 2nd order beating, which generates the two-photon photoacoustic image (see Fig. 11(d) ). Since our method detected the photoacoustic signal in the frequency domain, and all light paths generated single-photon photoacoustic signal due to the linear light absorption of the agar, we actually got a time-averaged single-photon acoustic image with blurred edge contrast of the pattern. One sees that in the single-photon photoacoustic image, due to a lack of spatial filtering or temporal resolving mean, contribution of the induced linear photoacoustic signals within the entire light cone are integrated inevitably into the corresponding pixel. That is to say, strong signals due to linear absorption are homogeneously observed in our sample. However, this was not the case for the two-photon photoacoustic image. Only when the contrast agent contributes 2PA inside the focal volume, could the 2nd order beating signal exist. Therefore, we could image the detailed structure of the pattern by laser scanning with a high contrast ratio and with a 250μm-depth inside the phantom sample.
We also tried to conduct the experiment on real biological tissues. First, we dyed a piece of leaf tissue (Centipede Tongavine, or Epipremnum pinnatum for the scientific name) with the same contrast agent as that in the homemade sample case, and examined the tissue under a microscope (see Fig. 12(a) ). Then, we buried the leaf tissue beneath the agar phantom, with a 1mm-thick agar layer between the leaf tissue and the bottom of the cavity. We put a 10mm-thick agar layer above the leaf tissue, so the light could not penetrate through the phantom.
By recording the 2nd order beating signal, we could image the tissue boundary with a high contrast ratio. The two-photon photoacoustic image is shown in Fig. 12(b) . The cell wall absorbed most of the contrast agent, so it generated a large two-photon photoacoustic signal. With the help of the lipid, the contrast agent could be ingested into the cell, so we could image the inner structure of the cell also. According to our image, the lateral resolution underneath a 1mm-thick agar phantom was approximately 10μm, due to the degradation of the point spread function by the strong scattering in the agar phantom. With an acoustic wavelength of 1.5 mm, this two-photon photoacoustic image showed that the resolution was determined by the optical focusing. 
Conclusion
In summary, we showed the existence of the two-photon photoacoustic signal in the fluorescence dye. Then, we investigated the loss modulation technique for its frequency selectivity and sensitivity, and we used the technique to separate the two-photon photoacoustic signal from the single-photon photoacoustic signal. In addition, we found that the mixture of the fluorescence dye and dilute carbon solution could be used as a contrast agent in the two-photon photoacoustic imaging. Finally, based on our finding, we proposed a prototype of the background-free nonlinear photoacoustic microscope and demonstrated background-free optical scanning bio-imaging underneath 1mm-thick phantom tissues with an optical spatial resolution.
